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Abstract 
Introduction 
Mental stress is considered to be a trigger for acute myocardial infarction (MI), with 
inflammation thought to provide a mechanism. Inflammation is reciprocally linked to 
oxidative stress, which has also been implicated in MI. The purpose of this study was to 
assess the effects of experimentally-induced inflammation on the oxidative stress response to 
mental stress in healthy participants.  
Methods 
Healthy males undertook one of two inflammatory stimuli: typhoid vaccination (Vaccination 
paradigm, N=17) or eccentric exercise (Eccentric exercise paradigm, N=17). All participants 
completed a mental arithmetic stress task twice (within-subject design): six hours after the 
inflammatory stimulus, and during a control non-inflammation condition. Blood samples 
were taken before, immediately and thirty minutes after the stress task. Plasma was assessed 
for interleukin-6 (IL-6), protein carbonyls (PC), lipid hydroperoxides (LOOH), total 
antioxidant capacity (TAC) and nitric oxide metabolites (NOx). 
Results 
Vaccination paradigm: IL-6, PC and NOx were significantly higher in the vaccination 
condition, relative to the control condition (p<.05). PC, TAC, LOOH and NOx were 
unchanged in response to mental stress in both the vaccination and control conditions. 
Eccentric Exercise paradigm: IL-6 and TAC were significantly higher in the eccentric 
exercise condition (p<.05), relative to the control condition. PC, TAC and NOx were 
unchanged in response to mental stress in both the eccentric exercise and control conditions.  
Conclusions 
Two different inflammatory paradigms were successful in increasing selective plasma 
markers of inflammation and oxidative stress prior to a mental stress task. However, 
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experimentally induced transient inflammation had no impact on mental stress-induced 
changes in plasma LOOH, PC, TAC or NOx in young healthy participants. 
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1. Introduction 
Mental stress has been proposed as a potential trigger for myocardial infarction (MI) 
(Bergovec et al., 1992; Strike and Steptoe, 2005). The physiologic mechanisms linking 
mental stress to MI have not been fully clarified, however inflammation has been implicated 
(Paine and Veldhuijzen van Zanten, 2012; Wilbert-Lampen et al., 2010). Laboratory models 
have been used to investigate the role of inflammation in populations with elevated risk for 
cardiovascular disease and findings have shown that mental stress-induced ischemia is 
associated with future MI (Babyak et al., 2011; Krantz et al., 1999). Interestingly, mental 
stress-induced ischemia is more prevalent in those with higher baseline levels of 
inflammation (Shah et al., 2006). Inflammation is known to be intrinsically linked to 
oxidative stress, a state whereby the production of reactive oxygen species (ROS) 
overwhelms antioxidants (Wadley et al., 2012). Both oxidative stress and inflammation are 
independently associated with the development of cardiovascular disease (CVD) and MI (Cai 
and Harrison, 2000; Dhalla et al., 2000; Ross, 1999). Given the adverse effect of oxidative 
stress on MI risk, the relationship between mental stress and oxidative stress warrants further 
investigation. 
The few studies that have investigated the links between oxidative stress and acute 
mental stress have primarily been in either animals (Bagchi et al., 1999; Madrigal et al., 2001) 
or observational studies in humans (Lesgards et al., 2002; Sivonova et al., 2004). For 
example, medical students undergoing a stressful examination period demonstrated increased 
DNA and lipid oxidation, as well as a deceased antioxidant capacity when compared to a 
non-stressful period of their life (Sivonova et al., 2004). Conversely, individuals delivering 
public speeches showed increased urinary concentrations of bilirubin oxidative metabolite, an 
abundant antioxidant compound, compared to a control group who did not perform a public 
speaking task (Yamaguchia et al., 2002). Similar disparity exists with acute mental stress and 
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ROS production, with studies indicating increased (Bagchi et al., 1999) and suppressed 
(Atanackovic et al., 2002) production. Collectively, these studies warrant careful 
interpretation due the different study designs, categorisations of stress, measures of oxidative 
stress and the time points assessed. To our knowledge only one previous investigation has 
assessed the acute oxidative stress response to a controlled laboratory mental stress task 
(Huang et al., 2010). In this study, total antioxidant capacity (TAC), a marker of oxidative 
stress, was not perturbed in response to mental stress, however there are potential 
mechanisms which could explain an increase in oxidative stress in response to mental stress. 
For example, the well documented ROS burst from inflammatory neutrophils (Babior et al., 
1973) could follow from a mental stress-induced inflammatory response (Brydon et al., 2005; 
Veldhuijzen van Zanten et al., 2005). Furthermore, altered blood flow and shear stress 
patterns (i.e. oscillatory shear) in response to mental stress (Veldhuijzen van Zanten et al., 
2009) could generate ROS via vascular oxidases (Harrison et al., 2003), thus enhancing 
oxidative stress. Finally, a direct mechanism between oxidative stress and mental stress-
induced MI might be explained by the actions of the diverse reactive nitrogen species (RNS), 
nitric oxide (NO). NO can regulate blood vessel dilation and vascular health (Lewis et al., 
1999), however its function may be inhibited by mental stress-induced sequestering of NO by 
ROS (Beckman, 1996). Despite these potential mechanisms, the sources of oxidative stress 
and the mechanisms leading to MI as a result of mental stress have yet to be explored in 
detail.  
There is evidence to suggest that ROS can trigger inflammatory pathways in humans 
(Naik and Dixit, 2011), and inflammation is known to drive ROS production (Babior et al., 
1973). Studies in clinical populations with high underlying inflammation have reported an 
exaggerated inflammatory response to acute mental stress (Kop et al., 2008; Veldhuijzen van 
Zanten et al., 2008). It should be noted that, due to the underlying factors associated with 
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these clinical populations (e.g., other cardiovascular risk factors), it is impossible to explore 
the direct effect of inflammation. As a result, laboratory based models have been used to 
induce an inflammatory response in healthy subjects (Clapp et al., 2004; Hingorani et al., 
2000) and recently to specifically investigate the role of inflammation on mental stress-
induced responses (Paine et al., 2013a). These studies have demonstrated that an acute rise in 
inflammation can influence the vascular responses to mental stress. However, the impact of 
baseline inflammation on the oxidative stress response to mental stress has yet to be 
examined. 
Eccentric exercise-induced muscle damage and vaccination (Salmonella typhi 
(typhoid) capsular polysaccharide vaccine) have previously been used as models to induce 
systemic inflammation. In these studies, a peak inflammatory cytokine response was 
observed 6 hours following both inflammatory stimuli (Antoniades et al., 2011; MacIntyre et 
al., 2001; Paine et al., 2013b; Paulsen et al., 2005). The use of a low dose typhoid vaccination 
to induce a mild systemic inflammatory response is typically safe and approved by the US 
food and drug agency (Hingorani et al., 2000; Strike et al., 2004; Wright et al., 2005). The 
administration of a mild pathogen can stimulate the adaptive immune system to respond by 
mobilising white blood cells and increasing the production of inflammatory cytokines (Paine 
et al., 2013b). Similarly, eccentric exercise is commonly used as a safe experimental 
manipulation to study acute increases in inflammation (Paine et al., 2013a). Elongation of the 
activated muscle under tension can create a localized inflammatory response within the 
muscle that can infiltrate the systemic circulation (Nosaka et al., 2002; Proske and Morgan, 
2001). In both of these models, the most typically studied inflammatory marker is Interleukin 
(IL-6), an acute phase protein with an active role in the inflammatory response (Papanicolaou 
et al., 1998). Importantly, IL-6 is a commonly used inflammatory marker in response to 
mental stress in the literature (Steptoe et al., 2007). 
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To our knowledge no previous studies have explored changes in multiple markers of 
oxidative stress to acute mental stress following experimental manipulations of baseline 
inflammation. The aim of the current investigation was to use two inflammatory paradigms 
(vaccination and eccentric exercise) to assess how plasma markers of oxidative stress were 
perturbed in response mental stress. It was hypothesized that mental stress would elicit 
increases in oxidative stress, and that higher baseline levels of inflammation would 
exaggerate this response.  
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2. Methods 
2.1.  Participants 
2.1.1. Vaccination paradigm 
Seventeen healthy males (mean ± SD: age 20 ± 1 yrs; body mass index 24.5 ± 2.2. 
kg/m2) were recruited from the University of Birmingham. All participants gave their 
informed written consent and the vaccination paradigm of the study was approved by NHS 
Black Country NRES ethics committee. None of the participants had recently suffered from 
acute illness or infection. No participants reported a history of immune disorders, 
cardiovascular or other chronic inflammatory diseases and all participants were non-smokers. 
Participants were asked to refrain from vigorous exercise, alcohol and foods high in dietary 
nitrates 24 hours prior to testing. Participants were also asked to abstain from food and 
caffeine two hours before the morning and afternoon sessions. No participants had received a 
Salmonella typhi capsular polysaccharide vaccine in the preceding year.  
 
2.1.2. Eccentric Exercise paradigm 
Seventeen healthy males (mean ± SD: age 21 ± 1 yrs; body mass index 23.6 ± 2.4. 
kg/m2) were recruited from the University of Birmingham. The same exclusion and 
adherence criteria were used as indicated in the vaccination paradigm. In addition, all 
participants were unaccustomed to regular eccentric exercise training. As with the 
vaccination paradigm, participants gave their informed written consent and the eccentric 
exercise paradigm was approved by the appropriate ethics committee at the University of 
Birmingham. Participants were required to abstain from food and caffeine two hours before 
the morning and afternoon sessions. 
 
2.2.  Vaccination Protocol  
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Participants received an intra-muscular injection of S. typhi capsular polysaccharide 
vaccine (0.025mg in 0.5ml, Typhim Vi, Sanofi Pasteur, UK) into the deltoid muscle of the 
non-dominant arm. A trained nurse administered and then monitored the participant for half 
an hour following injection. Participants then completed questionnaires for demographic and 
medical purposes, as well as questionnaires addressing symptoms associated with the 
injection. 
 
2.3.  Eccentric Exercise Protocol  
The eccentric exercise protocol was adapted from a previous study (Jackman et al., 
2010). Using a Cybex leg extension machine (Cybex International Medway, MA), the 1 
repetition maximum (1RM) of participant’s non-dominant leg was determined. From a flexed 
position, participants were required to concentrically lift their leg into an extended position 
and hold for 2 seconds. 1RM was determined within 5 attempts to avoid fatigue. The 1RM 
was established when participants could no longer lift or hold the weight for longer than 2 
seconds. The eccentric exercise task was then explained to participants before completing a 
practice set at 50% 1RM to ensure an understanding of the task action. The task required 
participants to lower the weight (120% 1RM) with their dominant leg from an extended 
position (15 degrees flexion) to a flexed position (110 degrees flexion) over a 4 second period. 
Two experimenters lifted the weight into the extended position between repetitions. The 
protocol required participants to complete 12 sets of 5 repetitions with 5 seconds rest between 
each repetition and 1 minute rest in-between each set. Incomplete repetitions (i.e. where the 
weight was lowered in less than 4 seconds) were repeated. Participants then completed 
questionnaires for demographic and medical background purposes. 
 
2.4.  Control Protocol 
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In the eccentric exercise paradigm of the study, participants rested quietly for 25 
minutes and then completed questionnaires administered for demographic and medical 
background information. No visit was required for subjects in the vaccination paradigm of the 
study. 
 
2.5.  Mental Stress Task 
A 16-minute version of the paced auditory serial addition task (PASAT) was used to 
induce acute mental stress in all participants (Veldhuijzen van Zanten et al., 2005). A series 
of single digit numbers were dictated to participants via a CD player. The objective was to 
add each number to the previous number, vocalising the response to an accompanying 
demonstrator who was sat 1 metre away (Gronwall, 1977; Ring et al., 2002). Participants 
completed two 8 minute tasks, with a 1 minute interval between each task. The first task 
consisted of four consecutive 2 minute blocks, delivered at inter-stimulus rates of 2.8, 2.4, 2.0 
and 1.6 seconds. The second task used inter-stimulus rates of 2.4, 2.0, 1.6 and 1.2 seconds, 
with the decrease in inter-stimulus rates increasing task difficulty. Additionally, several other 
experimental manipulations were implemented to enhance the mental stress response 
(Veldhuijzen van Zanten et al., 2004). The demonstrator checked participant responses 
against the correct answers, and a loud aversive noise was sounded within each block of 10 
numbers upon the first incorrect or late response, or at the end of each block if no incorrect 
response was given. Participants were videotaped and instructed to focus their attention on a 
screen showing their face throughout the task. This manipulation was under the false 
instruction that they were being analysed by independent body language experts. Finally, a 
leader board was placed within subject eye line to promote competitiveness, and a promise of 
£10 for the highest study score in their first session and most improved score in session two. 
These experimental manipulations have been previously shown to increase provocativeness 
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of the task by increasing demands such as time pressure, social evaluation, punishment and 
reward (MacIntyre et al., 2001; Veldhuijzen van Zanten et al., 2004; Woollard et al., 2002).  
2.6.  Procedure 
Participants were subjected to one of the inflammatory paradigms (vaccination or 
eccentric exercise). All participants conducted the stress reactivity session twice which were 
scheduled at least seven days apart: once in an inflammation condition and once in a control 
condition (within-subject design). Both inflammation conditions involved a morning visit 
(starting: 08.00-10.00), during which the protocols described above was carried out, and an 
afternoon (starting 14.00-16.00) visit six hours later, during which the stress reactivity 
session was conducted. The six hour time window between the visits was based on pilot 
testing and previous research that indicates a peak inflammatory cytokine response to typhoid 
vaccination (Paine et al., 2013b) and eccentric exercise at this time point (MacIntyre et al., 
2001). In the morning of the control condition, participants were either asked to attend the 
laboratory to complete questionnaires (eccentric exercise paradigm) or no visit was needed 
(vaccination paradigm). At the start of the first reactivity session, participants were asked to 
complete a diet questionnaire. A copy was then given to each participant and they were asked 
to repeat their diet before the second reactivity session. 
 
2.7.  Stress Reactivity Session 
Following the assessments of height and weight (Seca Alpha, Hamburg, Germany), 
participants lay in a supine position for the remainder of the session. A small cuff was placed 
around the middle finger of the dominant hand for continuous recordings of heart rate (HR), 
systolic (SBP) and diastolic blood pressure (DBP) throughout the session (Finapres Medical 
Systems; Amsterdam, The Netherlands). Data were recorded via a Power 1401 (CED) 
connected to a computer with Spike 2 analysis software (version 6). A catheter (Becton, 
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Dickson & Company, Oxford, UK) was inserted into the antecubital vein of the dominant 
arm. The catheter was kept patent throughout the session with regular saline flushes. 
Participants rested for 20 minutes whilst watching a BBC nature documentary, with a blood 
sample taken (baseline). Following a practice, participants completed the mental stress task as 
detailed above. A blood sample was taken during the last minute of the second PASAT block 
(stress). Participants then completed a 30 minute recovery period, which involved 
participants resting in the supine position while watching a BBC nature documentary. A 
blood sample was taken at the end of this period (post+30). Blood (12 ml per time point) was 
collected into vacutainers containing potassium ethylene diaminetetraacetic acid, stored on 
ice until centrifugation (1500g for 10 minutes at 4°C) and plasma aliquoted and stored at -
80°C for future analyses. 
 
2.8.  Blood Analyses 
Blood samples were assessed for blood cell composition, specifically total white 
blood cells and granulocytes. Haemoglobin (g/dL) and Hematocrit (%) were assessed to 
calculate plasma volume changes as a result of mental stress (Coulter Analyser, Beckman-
Coulter, High Wycombe, UK) (Kargotich et al., 1997). 
  
2.8.1. Total Antioxidant Capacity 
 TAC was assessed using the Ferric Reducing Ability of Plasma (FRAP) assay (Benzie 
and Strain, 1996).  Plasma samples (10 µl per well) and standards (ascorbic acid, 0-1000 µM) 
were added in triplicate to a flat bottomed 96 well plate.  FRAP reagent (300 mM sodium 
acetate (pH=3.6), 160 mM 2, 4, 6- tripyridyltriazin  and 20mM ferric chloride (FeCl3); 300 µl) 
was added to each well and left to incubate for 8 minutes at room temperature, then 
absorbance’s read at 650 nm. TAC values were obtained using absorbance values of known 
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ascorbic acid concentrations and expressed as µM of antioxidant power relative to ascorbic 
acid (McAnulty et al., 2005) and adjusted for plasma volume. 
  
2.8.2. Protein Carbonylation (PC)   
PC was assessed by ELISA (Buss et al., 1997; Carty et al., 2000) in order to quantify 
the degree of protein oxidation in plasma samples.  Samples were diluted in coating buffer 
(50mM sodium carbonate, pH=9.2) to a concentration of 0.05mg/ml.  Samples and standards 
(50µl) were added in triplicate to a 96 well NUNC maxisorb microtitre plate for 1 hour at 
room temperature.  Bound protein was then incubated in the dark for 1 hour at room 
temperature with 2, 4-dinitrophenylhydrazine (DNPH) (1mM, in 2M HCl).  All wells were 
then blocked (200µl) with TBS Tween (0.1%) overnight at 4°C.  Wells were incubated with 
monoclonal mouse anti-DNP antibody (50µl, 1:1000) for 2 hours at room temperature, 
followed by peroxidase conjugated rat anti-mouse IgE conjugated HRP (50µl, 1:5000) for 1 
hour at room temperature.  All steps were followed by three washes to the 96 well plate using 
TBS Tween (0.05%).  Substrate (0.5M Citrate phosphate buffer (10mls, pH=5), hydrogen 
peroxide (8µl) and Ortho-Phenylenediamine tablet (2mg); 50µl) was added to each well and 
the reaction stopped after 20-25 minutes with 2M sulphuric acid (50µl).  Each well was 
measured for absorbance at 490nm (Multiscan MS, Labsystems) and quantified using 
absorbance values of PC standards made in our lab (1.28-5.20nM/mg of protein). Sample 
protein concentrations were determined using the bicinchoninic assay method (Smith et al., 
1985). 
 
2.8.3. Lipid Hydroperoxides 
 LOOH concentrations were assessed using a spectrophotometric assay (El-Saadani et 
al., 1989). Plasma samples and a blank standard (10 µl) were added to a 96 well microtitre 
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plate in triplicate. Reagent mix (100 µl, 0.2 M Potassium phosphate (pH=6.2), 0.12 M 
potassium iodide, 0.15 mM sodium azide, Triton X (2 g/l), alkylbenzyldimethlammonium 
(0.1 g/l), 10 µM ammonium molbdate and HPL grade water (to make total volume 100 ml)) 
was added for 30 minutes at room temperature, away from light on a plate shaker. The plate 
was read at 340nm (Multiscan MS, Labsystems) and concentration of lipid peroxides (µmol/l) 
determined using the Beer-Lambert Law (extinction co-efficient ε340 = 24600 M-1cm-1) and 
adjusted for plasma volume. 
 
2.8.4. Nitrite and Nitrate (NOx metabolites) 
 The Griess assay was used to quantify total nitric oxide metabolites (NOx) in plasma 
samples (Miranda et al., 2001; Moshage et al., 1995). Samples (100 µl) were diluted with 
HPL grade water (375 µl) and zinc sulphate (25 µl, 300 mg/ml) to give a concentration of 15 
mg/ml.  Samples were vortexed and then centrifuged at 10,000 g for 20 minutes (10 °C). 
Supernatants and standards (100 µl) were added to a 96 well microtitre plate in triplicate, and 
100 µl vanadium (III) chloride (8 mg/ml) then added. Thorough mixing was ensured to fully 
reduce plasma nitrate to nitrite. Sulphanilamide (50 µl, 2 %) and N-(1-naphthyl) 
ethylendiamine dihydrochloride (50 µl, 0.1 %) were then rapidly added to each well. Plates 
were incubated for 30 minutes at 37 °C. Absorbance values were read at 540 nm, compared 
with values of known nitrite concentration (0-100 µM) and adjusted for plasma volume. 
 
2.8.5. Interleukin-6 
Plasma concentrations of IL-6 were determined using a commercially available High-
Sensitivity ELISA kit according to manufacturer instructions (R&D Systems). Briefly, 
samples (200 µl, diluted 1:1 with assay diluent) were incubated with a monoclonal antibody 
(200 µl) derived against IL-6, and then substrate (50 µl) and amplifier (50 µl) solutions added 
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to develop the colour change. Plates were washed intermittently to reduce non-specific 
binding. The reaction was stopped using 2 M sulphuric acid (50 µl) and absorbance’s read at 
490nm, with a wavelength correction at 650nm. Values were then obtained from a linear 
standard curve of known IL-6 concentrations (0.156-10 pg/ml). 
 
2.9.  Data reduction and analysis 
HR, SBP and DBP were recorded continuously throughout the stress reactivity 
session. Data were analysed during minutes 14, 16, 18, and 20 of the baseline rest period, at 
2-minute intervals during the stress task and at minutes 24, 26, 28, and 30 of the recovery 
period. Subsequently, the values were averaged to derive an overall baseline, stress and 
post+30 value for HR, SBP and DBP. Statistical analyses were performed using SPSS 
(PASW Statistics, release 18.0, SPSS Inc., Chicago, IL, USA). Differences in baseline IL-6 
values were assessed by independent samples t-tests. The effects of mental stress on oxidative 
stress and cardiovascular activity were assessed by 2 condition (vaccination or eccentric 
exercise, control) by 3 time (baseline, stress and post+30) repeated measures ANOVA, with 
Greenhouse-Geisser correction (Vasey and Thasey, 1987). Post hoc analysis of the 
interaction effects was performed by a test of simple effects by pairwise comparisons. 
Pearson correlations were conducted to examine associations between baseline inflammation 
and oxidative stress with changes in LOOH, PC, TAC or NOx from baseline to stress. These 
analyses were performed separately for control and inflammatory conditions. Statistical 
significance was accepted at the p <.05 level.  
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3. Results 
3.1.  Vaccination paradigm 
3.1.1. Vaccination induced inflammation 
Figure 1 (left panel) shows the IL-6 concentrations at baseline in the control and 
vaccination conditions. IL-6 concentrations in the vaccination condition were higher than in 
the control condition (p <.001), confirming that vaccination increased inflammation prior to 
the start of the stress task. 
 
3.1.2. Cardiovascular and immune responses 
Figure 2 (left panel) illustrates the white blood cell and cardiovascular responses to 
the mental stress task in control and vaccination conditions. Total white blood cell number 
was higher in the vaccination condition relative to the control condition (condition effect; 
p<.001). Total white blood cells increased in response to mental stress in both conditions 
(time effects: p <.001). There was a significant condition * time interaction effect for total 
white blood cell number (p = .024). Post hoc analyses revealed that total white blood cell 
number was elevated during stress in both conditions, but remained elevated post+30, relative 
to baseline in the control condition only. HR increased over the course of the mental stress 
task and returned to baseline values in both conditions (time effects; p <.001). SBP and DBP 
increased over the course of the stress task and remained elevated above baseline values 
post+30 (time effects; p’s <.05). No differences were observed in HR, SBP and DBP between 
conditions. 
3.1.3. Oxidative stress responses 
Figure 3 (left panel) illustrates the changes in markers of oxidative stress and nitric 
oxide metabolites in response to the mental stress task in control and vaccination conditions. 
PC and NOx values were higher in the vaccination condition than the control condition 
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(condition effects; p’s <.05). TAC, PC, LOOH and NOx were unaltered in response to mental 
stress in both conditions (time effects: p’s > .126).  
 
3.1.4. Associations between baseline oxidative stress and inflammation and oxidative stress 
responses to mental stress 
No associations were observed when assessing the influence of baseline markers of 
oxidative stress and inflammation on the LOOH, PC, TAC or NOx response to mental stress 
in control or vaccination conditions. 
 
3.2.  Eccentric exercise paradigm 
 
3.2.1. Eccentric exercise induced inflammation  
Figure 1 (right panel) shows the IL-6 concentrations in the control and eccentric 
exercise conditions. IL-6 concentrations in the eccentric exercise condition were higher than 
in the control condition (p =.01), confirming that eccentric exercise had increased 
inflammation prior to the start of the stress task.  
 
 
3.2.2. Cardiovascular and immune responses 
Figure 2 (right panel) illustrates the cardiovascular responses to the mental stress task 
in control and eccentric exercise conditions. Total white blood cell number increased during 
stress in both conditions (p =.007), with no differences observed between conditions. HR 
increased immediately following the mental stress task and returned to baseline values in 
both conditions (time effect; p <.001). SBP and DBP increased immediately following the 
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mental stress task and remained elevated above baseline values post+30 (time effects; p’s 
<.05). No differences were observed in HR, SBP and DBP between conditions. 
 
3.2.3. Oxidative stress responses 
Figure 3 (right panel) illustrates the changes in markers of oxidative stress and nitric 
oxide metabolites in response to the mental stress task in control and eccentric exercise 
conditions. TAC values were higher in the inflammation condition compared to the control 
condition (condition effect; p =.011). TAC, PC and NOx were unaltered in response to 
mental stress in both conditions. LOOH decreased in response to mental stress in the 
eccentric exercise condition only (time effect; p <.05).  
 
3.2.4. Associations between baseline oxidative stress and inflammation and oxidative stress 
responses to mental stress 
An association was found between baseline LOOH values and changes in LOOH between 
baseline and stress in the eccentric exercise condition only (r=-0.635, p<.003). No other 
associations were observed when assessing the influence of baseline makers of oxidative 
stress and inflammation on the PC, TAC or NOx response to mental stress in control or 
eccentric exercise conditions. 
 
 
 
 
 
 
 
  
20 
 
4. Discussion 
 The current study demonstrates that vaccination and eccentric exercise were 
successful models of inducing inflammation, as demonstrated by significantly higher IL-6 
concentrations in the inflammation conditions compared to the control conditions (figure 1). 
Nevertheless, acute inflammation did not influence the oxidative stress response to mental 
stress in either paradigm of this study. 
The oxidative stress response to mental stress has previously been unclear, either 
under conditions of high or basal inflammation. Previous studies have indicated an increase 
(Bagchi et al., 1999; Sivonova et al., 2004), decrease (Atanackovic et al., 2002; Yamaguchia 
et al., 2002) and no change (Huang et al., 2010) in indices of oxidative stress (i.e. plasma 
markers and ROS levels) in response to acute mental stress and during periods of lifestyle 
stress. Oxidation of macromolecules within the body is part of normal homeostatic processes 
that regulate cellular signalling, growth and adaptations within tissues. Many lifestyle factors, 
including health history, nutritional status (Møller et al., 1996) and even internal circadian 
rhythm (Kanabrocki et al., 2002) can influence the degree of oxidative modification to these 
macromolecules. As a result, previous observational studies monitoring the impact of mental 
stress on markers of oxidative stress/ROS at one ‘snap shot’ warrant careful interpretation. In 
addition, stressful situations (i.e. exam periods (Sivonova et al., 2004) and public speaking 
(Yamaguchia et al., 2002)) and study model (human (Atanackovic et al., 2002) and animal 
(Bagchi et al., 1999) models) have varied significantly between studies, making it hard to 
draw valid and robust conclusions. To our knowledge, this was the first study utilising well 
standardized laboratory models of both acute inflammation and mental stress to test the sole 
influence of baseline inflammation on the oxidative stress responses to mental stress in 
humans. Our findings show that mental stress did not increase PC, LOOH, TAC and NOx 
under conditions of basal or experimentally manipulated elevated inflammation (figure 3).  
  
21 
 
Previous studies have suggested a role for baseline inflammation on physiological 
responses to mental stress (Roupe van der Voort et al., 2000; Shah et al., 2006; Veldhuijzen 
van Zanten et al., 2005). In the current study, we used two established experimental 
paradigms to induce inflammation in healthy participants to specifically assess the influence 
of inflammation on the oxidative stress responses to mental stress. The elevations in baseline 
IL-6 concentrations in both of the inflammatory conditions, relative to control were 
comparable to values observed in patients with coronary artery disease (Kop et al., 2008) and 
otherwise apparently healthy men who then suffered a MI (Ridker et al., 2000). Thus, the 
experimental manipulations induced increase in IL-6 values which were similar to those at 
risk for MI. Furthermore, the mental stress task used in the present study elicited a 
physiological response similar to previous studies (Paine et al., 2013a; Veldhuijzen van 
Zanten et al., 2005, 2004).  Heart rate, blood pressure and total numbers of white blood cells 
increased in all conditions during the mental stress task (figure 2). As a result we cannot 
attribute the lack of change in markers of oxidative stress to the models of inflammation or 
mental stress utilized in the current study.  
The potential sources of ROS in response to mental stress have not been previously 
clarified. Respiratory bursts from phagocytes (Babior et al., 1973) and increased oscillatory 
shear stress (Harrison et al., 2003) have been identified as two possible sources. Interestingly 
inflammation is known to increase the amount of circulating phagocytic cells and alter blood 
flow patterns (Nagel et al., 1994), therefore providing a clear rationale for increased oxidative 
stress in response to mental stress. The current data indicate that selective markers of 
oxidative stress were elevated at baseline in the inflammatory conditions only, although the 
responses were different between paradigms (figure 3). Vaccination induced protein 
oxidation and NO production, whilst in line with some previous work, eccentric exercise 
elicited an antioxidant response (Turner et al., 2011). Despite this, the same markers 
  
22 
 
remained stable in response to mental stress. Interestingly, despite total white blood cell 
numbers being higher at baseline in both inflammatory conditions relative to control, this did 
not exacerbate any leukocyte subset responses to mental stress (data not shown). Given the 
role of respiratory bursts on RONS production, the similarity in white blood cell number may 
explain similar responses between control and inflammatory conditions. 
It must be noted that a decrease in LOOH was observed in the inflammation condition 
in the eccentric exercise paradigm only (time effect: p<.05) (figure 3C, right panel). Further 
investigation revealed that the decrease in LOOH from baseline to post-stress was associated 
with higher baseline LOOH values (r=-0.635, p<.003). Thus, this could suggest that elevated 
levels of oxidized lipids may have been removed in response to mental stress, rather than a 
reduction in lipid oxidation per se. However, this is speculation and warrants further 
investigation. 
Given the complexity of redox events in vivo, it must be considered that specific, 
rather than global oxidative events may be occurring in response to mental stress. Oxidative 
adducts, i.e. protein and lipid modifications or altered antioxidant status are indirect markers 
of RONS-mediated actions. These markers are a good representation of non-cellular, global 
oxidative change. Further investigation is needed to monitor intracellular markers of 
oxidative stress, and cellular redox status in response to mental stress. Indeed, specific, rather 
than global oxidative changes have been observed in response to physiological stressors, such 
as exercise (Aldred and Rohalu, 2011). In addition, extensive time point analysis is required 
to account for potential ‘delayed’ responses to mental stress. Some previous studies have 
reported an increase in IL-6 within thirty minutes of stress (Burns et al., 2008; Edwards et al., 
2006). However, other studies have reported increases in markers of inflammation up to 120 
minutes following acute mental stress, with no differences observed at 30 minutes, relative to 
baseline (Brydon et al., 2004; Steptoe et al., 2001). Furthermore, physiological stimuli such 
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vaccination (Clapp et al., 2004) and exercise (Michailidis et al., 2007) have been shown to 
elicit delayed increases in markers of oxidative stress.  
It must be noted that only selective markers of oxidative stress were measured in the 
current study. Given the complexity of oxidative events in vivo, other plasma and indeed 
intracellular oxidative changes in response to mental stress cannot be dismissed. In addition, 
the measurement of leukocyte subset numbers and IL-6 as sole indicators of inflammation 
might be considered a limitation. However, IL-6 is an integral signalling cytokine molecule 
in the acute phase response, regulating the upregulation of numerous other inflammatory 
proteins (i.e. C-reactive protein, tumour-necrosis factor alpha and IL-1 and IL-10) and 
therefore a good representation of an inflammatory response (Febbraio et al., 2010). In 
addition, IL-6 is a known, robust responder to both vaccination (Paine et al., 2013b) and 
eccentric exercise (MacIntyre et al., 2001), peaking similarly at 6 hours. The current data 
provide evidence that experimentally manipulated baseline inflammation does not increase 
plasma oxidative stress responses to acute mental stress within thirty minutes in young and 
healthy males.  
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Figure 1:  Figure 1 shows the IL-6 concentrations in the vaccination paradigm (left panel) 
and the eccentric exercise paradigm (right panel). # indicates a significant difference between 
control (grey bars) and inflammatory conditions (black bars) (p <.05). 
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Figure 2:  Figure 2 shows the changes in white blood cell number (A), heart rate (B), systolic 
blood pressure (C) and diastolic blood pressure (D) at baseline, during and 30 minutes 
following the mental stress task in both the control and inflammation condition in the 
vaccination paradigm (left panel) and the eccentric exercise paradigm (right panel). Data are 
means ± standard error. * indicates significant differences relative to baseline in the control 
condition (p <.05). ** indicates significant differences relative to baseline in the 
inflammation condition (p <.05). # indicates significant differences relative to stress in the 
control condition (p <.05). ## indicates significant differences relative to stress in the 
inflammation condition (p <.05). ++ indicates a significant difference between control and 
inflammatory conditions (p <.05). Control condition (      ) Inflammatory conditions (- - -). 
 
Figure 3:  Figure 3 shows the changes in TAC (A), PC (B), LOOH (C) & NOx (D) at 
baseline, stress and 30 minutes following the mental stress task in the vaccination paradigm 
(left panel) and the eccentric exercise paradigm (right panel). Data are means ± standard error. 
** indicates significant changes relative to baseline (p <.05). # indicates a significant 
difference between control and inflammatory conditions (p <.05). ). Control condition (      ) 
Inflammatory conditions (- - -).  
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